We present a detailed methodology for experimental measurement of fiber orientation distribution in injection-molded discontinuous fiber composites using the method of ellipses on two-dimensional cross sections. Best practices to avoid biases occurring during surface preparation and optical imaging of carbon-fiber-reinforced thermoplastics are discussed. A marker-based watershed transform routine for efficient image segmentation and the separation of touching fiber ellipses is developed. The sensitivity of the averaged orientation tensor to the image sample size is studied for the case of long-fiber thermoplastics. A Mori-Tanaka implementation of the Eshelby model is then employed to quantify the sensitivity of elastic stiffness predictions to biases in the fiber orientation distribution measurements.
Introduction
Long-fiber-reinforced thermoplastics (LFTs) offer a promising solution to the high-performance, highvolume requirements of the automotive industry. 1, 2 While conventional injection-molding equipment can be adapted to produce LFT parts, their higher fiber aspect ratios offer better stiffness and strength properties than their short-fiber-reinforced thermoplastic (SFT) counterparts. [3] [4] [5] [6] In addition to fiber lengths, the mechanical properties of injection-molded LFTs depend on the spatial orientation of the reinforcing fibers. 7 As the polymer melt fills the mold, fibers dispersed within the melt orient themselves depending on the dominant flow mechanism. [8] [9] [10] [11] [12] Measurement of this fiber orientation distribution (FOD) is necessary for the characterization of the composite microstructure. Further, flow-induced effects make it difficult to optimize fiber orientations and control the mechanical properties of the injection-molded composite. Engineering models capable of relating processing conditions to the resulting microstructure and accurately predicting mechanical properties of the manufactured part can help avoid the expensive trial-and-error approach commonly adopted for such optimizations. However, such predictive engineering models [13] [14] [15] [16] [17] also depend on experimentally measured FOD data for their validation. Thus, biased experimental results may not only lead to inaccurate microstructure characterizations but also skew predictive models developed for process and material optimization.
Researchers have explored various methods for FOD measurements. Kawamura et al. 18 utilized scanning acoustic microscopy to capture interference fringes and unambiguously characterize the 3D fiber orientation. Irradiation methods used for FOD measurements include contact micro-radiography 19, 20 and micro-CT imaging. [21] [22] [23] However, the relative simplicity and lower costs of optical [24] [25] [26] [27] [28] and electromagnetic 29, 30 techniques make them the most commonly used methods for FOD measurements. These techniques rely on high-resolution optical or electronic imaging of a polished sample to reveal the elliptical cross sections of inclined fibers on the image plane. Stereological principles are then applied to calculate the fiber orientations using the geometrical properties of the fiber ellipses. Though this method is unable to provide the 3D orientation unambiguously, 24 it remains the most preferred method for FOD measurements. Recently, Ve´lez-Garcı´a et al. 27 have proposed modifications to the surface preparation and image processing methods for glass fiber-reinforced composites to overcome the ambiguity problem.
In this paper, we present a detailed description of FOD measurement procedure using the method of ellipses. 24, 31 Our focus is on discussing the various biases possible during the surface preparation and image processing steps and providing guidelines to avoid them. A detailed surface preparation method for long-carbon-fiber thermoplastics is presented. An image processing method utilizing a marker-based watershed segmentation technique is presented for overcoming the problem of unique identification of touching fibers. The effect of sampling size on the orientation tensor is evaluated. We calculate the elastic stiffness of the injection-molded LFTs using the Mori-Tanaka implementation of the Eshelby problem and evaluate their sensitivity to the biases in the measured FODs.
Methods

FOD tensor
The spatial orientation of a straight, rigid fiber with respect to a coordinate system can be defined in terms of its orientation vector p, with its Cartesian components defined as 31
where and ' are its Eulerian angles as shown in Figure 1 (a). Similarly, the orientation for a collection of fibers randomly distributed in a given volume can be described using an orientation tensor, expressed as the average quantity over a volume domain of the orientation vector for each fiber. Detailed discussions on the formation of the orientation tensor components and their relation to classical angular orientations can be found elsewhere. 31 For a group of fibers, the components of the second-order orientation tensor, A ij , are calculated as
In high-resolution digital images of a polished cross section, the fibers intersecting the imaged cross section are identified as ellipses, as shown in Figure 1 This change does not affect the unambiguous components but provides the maximum algebraic value, i.e. the upper bound, of the ambiguous components consistent with the measurement. Similarly, the lower bound is same value with the sign reversed. The true values may lie anywhere between the bounds. Though both bounding values result in the same stiffness prediction, it should be noted that the magnitude of the bounding values can be significantly different from the actual measured values and can thus result in inconsistent stiffness predictions.
Further sampling bias with respect to the orientation occurs due to the greater probability of capturing fibers perpendicular to the cross section, as compared to fibers nearly parallel to the cross section, causes a sampling bias with respect to the orientation. This bias can be corrected by using a weighting factor, w i , for each fiber, to calculate an unbiased average for the orientation tensor, A 0 ij , 32 as
Thus, the weighting factor gives greater weighing to fibers nearly parallel to the cross section compared to those nearly perpendicular to the cross section.
Accuracy of the calculated FOD relies on the accuracy with which the individual fiber ellipses are identified. This, in turn, relies on the quality of the polished surface, the capability of the imaging system to capture high-resolution images, and the image processing techniques used to identify the ellipses. Biases occurring during any of the steps involved propagate through the measurement process and affect the measured FOD. Such biased FOD measurements can result in erroneous predictions of the fiber-reinforced composite's physical properties. The next section describes a method for unbiased FOD measurements, while discussing some of the possible errors occurring during the various steps.
Experimental measurement of FOD
FOD measurements were performed at selected locations on 17.8 cm Â 17.8 cm Â 3.2 mm plaques injection molded from long-carbon-fiber (LCF)/polypropylene (PP) pellets of 12 mm nominal length and individual carbon fiber diameter of approximately 7 mm. These LCF/PP plaques at 30 and 50 wt% fiber loadings were molded by PlastiComp, Inc. using the conventional injection molding process under controlled slow-fill and fast-fill conditions. The first step in FOD measurements involves the removal of smaller through-thickness samples for representative measurements at the location of interest relative to the composite part. Fiber-reinforced composites may be conveniently sectioned using a band saw or more sophisticated techniques such as abrasive waterjet machining. Though waterjet machining results in cleaner cuts with negligible subsurface damage, the equipment and maintenance costs are often prohibitive. Band saws provide a cheaper and less time-consuming alternative; however, inappropriately chosen feed rates lead to high cutting forces and temperatures and cause considerable subsurface damage and fiber pullout. Such damage can be minimized by increasing the cutting margins and completely removing the damaged subsurface material during the subsequent grinding and polishing steps. In this study, a Jet vertical band saw (Model J-8201K) with 0.635 mm thickness blade was used to cut samples. The edge of the plaques and right angle guides were used for all the cuts to ensure the edges of the samples remained in the proper coordinate system.
The samples must be appropriately mounted to allow handling during the surface preparation steps and avoid sample breakage. Various methods are available for mounting composite samples. 33 An acrylic mounting mixture, Buehler SamplKwick fast cure acrylic, was used in conjunction with cylindrical ethylene propylene diene monomer (EPDM) rubber mounting cups. The hardness contrast between the mounting resin and the composite affects the quality of the final polished surface. Mounting multiple samples together helps reduce this contrast while simultaneously improving the efficiency of the polishing process. As shown in Figure 3 , three samples from the same plaque were mounted together with blank cards glued between individual samples. The glued cards help separate the samples and make it easier to identify the samples postmounting. The mounting procedure and a mounted sample are shown in Figure 3 . The coordinate system chosen for the remainder of this work is such that 1 corresponds to the flow direction, 2 is the crossflow direction, and 3 is the thickness direction. We use samples polished on a 1-3 plane.
Effective polishing of composite samples depends on various parameters such as the hardness contrast between fiber, polymer, and mounting resin, fiber volume fraction, the polishing instrumentation, etc. 33 Variations in the parameters involved affects the quality of the final polished surface. Thus, it is important to conduct trials before settling on an optimized routine to obtain the best surface quality. Grinding and polishing can be performed using automated polishing machines or by manually holding the sample over a rotating platen. Though more expensive, automated polishing machines allow the controlled application of the polishing force. Efficiency can be further increased by holding multiple mounted samples simultaneously in an automated polishing head. Here, a Buehler Automet polishing machine with a rotating head was used for all grinding and polishing steps. The samples were mounted in a sample holder capable of accommodating three mounted samples simultaneously. Thus, nine composite samples can be polished together. Table 1 summarizes the grinding and polishing steps used during this study. Starting with a 120 grit abrasive paper, the samples were ground with sequentially reducing particle sizes until all subsurface damage due to the previous grinding step is removed. Trials with different force levels and durations were conducted while checking the resulting surface quality under a microscope until the best surface finish was observed. Excessive platen rotation speeds and grinding forces cause significant fiber pullout and breakage, while excessive polishing forces lead to damaged fiber edges, as shown in Figure 3 . The samples were cleaned using an ultrasonic water bath after each polishing step, and then checked under the microscope to ensure elimination of all scratches due to the previous step. The final polishing steps were performed using waterbased alumina solutions with progressively decreasing alumina particle size from 15 mm until 0.05 mm. Lownapped silk polishing pads were used for the 15 and 5 mm alumina particles, while high-napped silk polishing pads were used for the final polishing steps with 0.3 and 0.05 mm alumina.
The preceding surface preparation steps help clearly reveal the reinforcing fiber ellipses under an optical microscope, as shown in Figure 4 (b). However, only a small subset of the entire surface can be captured in a single image at the resolutions required to accurately map the fiber boundaries. Thus, individual highmagnification images must be stitched together for a complete picture of the polished section. During such large-area high-resolution microscopy, it is important to maintain accurate sample alignment and ensure even illumination and focus across individual frames. Further, care must be taken to ensure that the reduced depth of field at high magnifications does not cause a lack of focus due to the local variations in depth. Though such imaging may be performed manually, modern optical microscope systems equipped with motorized stages help overcome these issues while considerably reducing the imaging time.
The polished samples were imaged using an Olympus BX51M reflected light microscope with an attached Prior XYZ motorized stage. The motorized stage enables automated and precise movement of the sample for accurate image stitching. Additionally, high dynamic range 34 and extended focus imaging 35 capabilities help provide focused images with high contrast and reduce imaging errors due to local depth variations. As shown in Figure 5 , individual images taken at resolutions of 3 pixels/mm are stitched together to create a single high-resolution image of the complete cross section. The final stitched image is approximately 72,500 Â 10,000 pixels with 21 pixels/fiber diameter ($7 mm).
Ellipses representing the reinforcing fibers are clearly distinguished from the matrix in the final stitched image. However, further image processing is necessary to eliminate the noise introduced during the imaging process and to ensure an even illumination and contrast throughout the stitched image. The preprocessed image can then be used to measure the geometrical properties required to calculate the orientation tensor by fitting equivalent ellipses around the fiber boundaries. Here, we outline a digital image processing algorithm to automate the orientation measurement process. The algorithm was implemented using the image processing toolbox (IPT) in Matlab. The basic image processing steps are as follows:
Input microscope image Crop image into three equal parts Convert image to grayscale Filter the image Convert image to binary using hysteresis thresholding Segment the image using a marker-based watershed algorithm Manually correct over/under segmentation errors in segmented image using bitmap editor Figure 5 . Smaller high-resolution images are stitched together to form a large-area high-resolution image. Areas a and b (solid blue rectangles) are individually captured at a 20 Â resolution and with a common region o (dashed red rectangle). The individual images are then stitched together by overlapping the common region. The gray region is the polymer matrix, while the white elliptical objects are the reinforcing fibers. The black spots are voids created due to air pockets or due to pulling out of un-wetted fiber clumps during sample preparation.
Perform ellipse fitting and obtain equivalent ellipse parameters Calculate and output averaged fiber orientation tensors
The major image processing steps are described here in detail.
Surface preparation and microscope imaging often leave behind artifacts which hinder accurate fiber identification. Scratches on the polished surface can be erroneously identified as fibers, while uneven background illumination and focusing errors can cause difficulties in accurately distinguishing fiber boundaries from the polymer matrix. Thus, the image must be filtered to remove such errors. A top-hat filtering scheme was implemented to remove the polishing artifacts while improving image contrast and maintaining sharp fiber boundaries. A top-hat transform is defined as the difference between the original image and its morphological opening performed using an appropriate structuring element. 36 A disc structuring element of diameter at least half the fiber diameter was found to give the best results. An image opening operation preserves all pixels covered by the structuring element within the foreground region. 36 A top-hat transform subtracts the opened image from the original image and only retains the polishing scratches and spots with uneven illumination. A cleaner image is then obtained by subtracting the top-hat transformed image from the original image.
After filtering, the image can be segmented to identify the reinforcing fibers and their boundaries. Though the fibers are easily distinguished from the matrix, uniquely identifying them as individual fibers is complicated due to the large number of touching fibers within injection-molded composites. Objects touching each other, and thus sharing nonzero intensity pixels, are identified as a single image object by the image processing software. Thus, fiber separation is necessary for their unique identification. Though this may be done manually using a bitmap editor, the large number of fibers makes this tedious and time consuming. Segmentation methods based on grids, 37, 38 k-means clustering, 39, 40 contour-based edge detection, 41 region growing, 42 expectation minimization, 43 and normalized cut (N-cut) 44 have been proposed by researchers to overcome image separation problems. The appropriate choice of method is usually problem dependent. A method combining edge detection with splitting algorithms has been applied by Clarke and Eberhardt 45 to overcome issues due to touching fibers during FOD measurements. Such methods rely on the accuracy of the edge detection algorithms and can be computationally intensive due to the high number of arithmetic operations involved.
Here, we adopt an alternative two-step image segmentation approach. The filtered image is first converted into a binary image by using a thresholding algorithm. Thresholding converts a grayscale image into a binary image with the objects of interest (fibers) given an intensity value of 1 and represented as white, while the background is assigned an intensity value of zero and represented as black. 36 Simple thresholding methods involve choosing a single intensity value as the threshold and converting all pixels with intensity lower than this threshold to black and all pixels with greater intensity to white. The primary consideration while choosing the threshold intensity during FOD measurements is to ensure accurate representation of the fiber boundaries. Typically, the fiber intensity is highest at the center and gradually reduces toward the boundary. Lower intensity of the fiber boundaries makes it difficult to separate the fibers from the matrix using a single threshold intensity obtained using techniques such as Otsu's method. 46 A two-step hysteresis thresholding method 36 was adopted to overcome this difficulty. In the first step, an intensity value close to the object intensity peak is chosen as the higher threshold and all pixels with intensity higher than this threshold are classified as objects. In the second step, a lower threshold intensity, usually the image histogram minima, is chosen. Pixels with intensities lower than this threshold are classified as the background, while pixels with intensities between the higher and lower thresholds intensities are classified as part of the foreground object only if they are connected to object pixels obtained after the first step. The higher threshold intensity was chosen manually by studying the intensity histogram of the filtered image, while Otsu's method was used to automate the choice of the lower threshold intensity. A morphological opening operation using a disc structural element of diameter equal to the fiber diameter is then performed on the resulting binary image to remove any remaining scratches or broken fibers not cleaned during the filtering operation.
The second image segmentation step involves separation of the touching fibers using a marker-based watershed transform. [47] [48] [49] A watershed transform considers the image as a topological surface by interpreting the pixel intensities as surface heights. The local surface minima act as ''catchment basins'' and the local maxima as ''watershed ridge lines.'' One may imagine flooding the basins until water reaches the ridge lines and spills over into the neighboring catchment basin. 48 The ridge lines may thus be considered as object boundaries and used to separate touching objects. Though computationally inexpensive, a watershed transform results in over-and under-segmentation errors in images with noise and local variations in intensities. These errors can be reduced by using markers to identify foreground objects before applying the watershed transform. 47 A distance transform 36, 47 is used to create the object markers. The distance transform of an image replaces each pixel by its distance to the nearest background pixel. The distance transformed image is used as a mask over the original image to mark out the local minima associated with each fiber. An extendedminima transform 36 helps control the number of local minima and the amount of over-and under-segmentation occurring in the watershed image. The h-value associated with the extended-minima transform controls the segmentation errors in the image, as shown in Figure 6 . Over several trials, an h-value between 1 and 2 was found to provide the best results for most thresholded images, with a lower h-value leading to over-segmented images and a higher h-value causing under-segmentation. After obtaining the best possible segmentation, the remaining segmentation errors are manually corrected using a bitmap editor. The time required to manually correct all segmentation errors depends on the chosen h-value, and poor choices of this h-value can result in longer correction times. Approximately 5-6 h were spent on manually correcting each section to ensure minimal segmentation errors during this study. Figure 7 shows the resulting image obtained after individual image processing steps.
Individual fiber ellipses can be identified in the segmented image. The ellipse parameters required to calculate the fiber orientation tensor using equation (5) can be obtained by fitting an equivalent ellipse around each fiber boundary. Ellipse fitting may be performed using methods relying on the boundary or the region. Boundary-based methods 50, 51 rely on the fiber boundaries being captured accurately and are thus susceptible to edge irregularities. Region-based methods 36, 52 instead rely the region properties and are more robust against fiber edge damage and other boundary irregularities introduced during image processing. Additionally, implementation of the IPT function ''regionprops'' is relatively straightforward and computationally cheaper. The function uses the method of moments in which the normalized second central moments of the object are equalized with those of the fitted ellipse to calculate the ellipse major axis M, minor axis m, and the centroid coordinates x c and y c . After calculating the equivalent ellipse properties for each individual fiber, the p vectors and the weighting function, w, can be calculated to construct the unbiased averaged orientation tensor, A 0 , using equation (9) .
Image processing is performed in an image coordinate system, in which the 1 0 axis points to the right and the 2 0 axis points downward, while in our global coordinate system 1 corresponds to the flow direction, 2 is the cross-flow direction, and 3 is the thickness direction. Thus, the tensor A 0 as measured in image coordinates must be rotated to bring it into the global coordinate system. This is achieved by multiplying it with the rotation tensor Q, where ð10Þ Figure 6 . Segmentation of binary images (a) and (c) using a marker-based watershed method helps the separation of touching fibers as shown in images (c) and (d), respectively. An h factor of 1.15 is used. The segmentation successfully separates the smaller elliptical cross sections predominantly found in the core region of the injection-molded composite. However, longer ellipses found in the shell region tend to be oversegmented. These oversegmented fibers are manually corrected using a bitmap editor.
Thus, the orientation tensor A in global coordinates is calculated as
Results and discussion Measured averaged fiber orientation tensor FOD measurements using the outlined technique and algorithm were performed on LFT samples taken from a slow-filled edge-gated injection-molded plaque with 50% carbon fiber volume fraction in PP polymer. The through-thickness distribution of the A 11 , A 22 , A 33 , and A 31 orientation tensor components were measured from a sample taken from location A, as shown in Figure 8 , and are shown in Figure 9 . Variables x 3 and h are the through-thickness coordinate and half the thickness of the sample, respectively. Thus, x 3 /h is a nondimensional thickness coordinate ranging from À1 to 1. A skin-shell-core layered orientation structure 10, 11, 24 similar to those observed in SFTs can be observed in the components A 11 and A 22 and can also be seen in the LFT image shown in Figure 10 . The fibers in the skin layer are oriented nearly randomly in the flow/cross-flow plane (A 11 & A 22 , with A 33 small). The shell layer, created due to large shear strains near the mold cavity wall, contains fibers strongly aligned along the flow direction (A 11 large). The central core of the material does not experience such shearing deformations; its orientation is determined by in-plane velocity gradients and is Figure 7 . Image processing steps for calculations of fiber orientations using the ellipse fitting method. A top-hat transformation performed on the input high-resolution image (a) gives a filtered image (b). The filtered image is then converted into a binary image (c) using an adaptive threshold. A marker-based watershed algorithm separates the touching fibers (d) and all over/under-segmentation errors are manually corrected using a bitmap editor (e). An ellipse fitting algorithm fits equivalent ellipses around individual fibers (f) and extracts all parameters required to calculate the fiber orientation tensor. Note that before fitting the ellipses, all fibers touching the boundaries and thus not completely captured in the image are deleted. primarily transverse to the flow (A 22 > A 11 ). Though LFTs and SFTs both exhibit a skin-shell-core structure, LFTs tend to exhibit a wider core and less alignment along the flow direction than that SFTs. 10, 11, 13, 53 Our samples are consistent with those trends.
The orientation tensor components given in Figure 9 were obtained by averaging all fibers within each slice over the entire length (25.4 mm) along the flow direction. Though averaging over a greater number of fibers increases the accuracy of the measured values, this accuracy comes at the expense of increased computation and manual segmentation correction time. To estimate the effect of the sampling size along the flow direction, the orientation distribution tensor calculated by averaging over a third (L/3 ¼ 8.46 mm & 5000 fibers/ layer) and two-thirds (2L/3 ¼ 16.93 mm & 10,000 fibers/layer) of the sample length (L) are compared with the distribution obtained by averaging over the entire sample length in Figure 11 . Though there are some deviations within the core region, the difference between the measured values is small. Thus, averaging approximately 5000 fibers per layer gives a good estimate of the orientation distribution tensor.
The orientation of the fibers, especially in the core layer, is affected by the in-flow velocity gradients and might vary along the flow direction. Though a smaller sample size gives a good estimate of the orientation distribution, smaller samples taken from different locations within the region of interest might bias the measurement. To ensure against such bias, orientation distribution measured in three smaller sections is compared in Figure 12 , where a complete image of length L is divided into three different sections of length L/3 each. Section 1 is taken closest to the gate, section 3 is the furthest away, while section 2 lies in between. Similar orientation tensor values are obtained in each section, indicating that the choice of the smaller section does not make a significant difference. Thus, if the sample is taken from a location sufficiently away from the gate and the edges of the mold, choice of the smaller section for orientation analysis does not make a significant difference. Figure 10 . Optical image of the LFT injection-molded composite showing the presence of a skin-shell-core fiber orientation structure. Longer ellipses can be seen in the shell layer due to the fibers being oriented along the polymer melt flow direction. Comparatively, fibers in the skin layer are less oriented, while the fibers in the core layer are mostly oriented transverse to the flow. LFT: long-fiber-reinforced thermoplastic. Figure 9 . Through-thickness distribution of the orientation tensor components A 11 , A 22 , A 33 , and A 31 , where x3/h is the nondimensionalized thickness coordinate along the 3 direction as shown in Figure 3 . The error bars represent one positive and one negative standard deviation.
Effect of measurement biases on elastic stiffness predictions
Stiffness predictions are the most commonly used measure of a composite's mechanical behavior. Here we use the characterized FOD data to assess the effect of FOD biases on the predicted elastic moduli. Various micromechanics models are available for stiffness predictions of discontinuous fiber composites. 54 Here we employ a Mori-Tanaka implementation of the Eshelby problem. 54 Both the fiber and matrix are assumed to be isotropic. The fiber elastic modulus, E f , and Poisson's ratio, f , are taken as E f ¼230 GPa and f ¼0.3, while the matrix elastic moduli, E m , Poisson's ratio, m , are taken as E m ¼1.47 GPa, m ¼0.42, respectively. Further, the fibers are assumed to be perfectly bonded to the matrix and the fiber volume fraction f is equal to 0.5. The Eshelby problem provides an analytical method of calculating the influence of a single fiber (inclusion) within an infinite body. 55 The modified dilute strain concentration tensor, A Eshelby , relates the fiber strain, " f , to the matrix strain, "
The Eshelby tensor, E, depends on the stiffness properties of the matrix material and the aspect ratio of an ellipsoidal inclusion (dispersed fiber) and is used to calculate the strain concentration tensor,
where I is the identity tensor, S m is the compliance tensor of the matrix material, and C f and C m are the stiffness tensors of the fiber and matrix, respectively, and the Eshelby tensor is calculated to be 
The Mori-Tanaka implementation of the Eshelby problem expands the stiffness calculations beyond a single fiber inside an infinite matrix to a dispersion of Figure 11 . Variation of the through-thickness distribution of the averaged orientation tensor components A 11 , A 22 , A 33 , and A 31 with respect to the sample length. The sample was divided into three equal parts as shown in Figure 8 and the averaged orientation tensor was calculated for sampling lengths of L/3 ($ 5000 fibers/data point), 2L/3 ($ 10,000 fibers/data point), and L ($ 15,500 fibers/data point). The error bars represent one positive and one negative standard deviation.
many fibers inside of a composite. Carbon fibers are anisotropic, which can be incorporated into the Eshelby analysis, albeit the difference in the composite stiffness is negligible, thus only isotropic properties of the fibers are considered. Thus, equation (11) can be used to calculate the Mori-Tanaka strain concentra-
The Mori-Tanaka stiffness tensor C MT for aligned fibers at volume fraction f is given as
The value of the fiber aspect ratio affects the value of the Eshelby tensor E. 55 A constant fiber aspect ratio of 264.28 was used for all predictions in this study, based on data from Eshelby, 55 where the weight-average fiber length was experimentally measured as 1.85 mm and the average fiber diameter was 7 mm.
For a composite with misaligned fibers, the orientation tensors are used to calculate the fourth-order elastic stiffness tensor for the composite as
where
is the fourth-order orientation tensor and Figure 12 . Variation of the through-thickness distribution of the orientation tensor components A 11 , A 22 , A 33 , and A 31 across the polymer melt flow direction with respect to position relative to the horizontal aspect of the sample. The sample was divided into three equal sections as shown in Figure 8 and the averaged orientation tensor was calculated for each section and compared with the averaged orientation tensor calculated over the entire length. The error bars represent one positive and one negative standard deviation.
are invariants of the aligned-fiber stiffness tensor C MT . Once hCi is found, the engineering stiffness constants are easily calculated using standard formulae. The fourth-order tensor, A ijkl , is calculated directly from the experiments averaged across the entire plaque thickness (along x 3 ).
Elastic moduli values calculated using various biased FODs are compared with baseline values in Tables 2, 4 , and 6. The baseline stiffness values are calculated using the orientation tensor measured by following the recommended procedure and averaging over the full length of each measurement region. Table 2 compares the effect of various sampling sizes on the stiffness predictions. The corresponding averaged orientation tensor components are provided in Table 3 . Baseline predictions obtained using the entire sample length are compared with predictions obtained using FOD measurements performed using smaller sections from the image, with sections 1, 2, and 3 as shown in Figure 8 . Stiffness values obtained by considering two-thirds of the image and averaging over two sections at a time are also compared. The predicted stiffness values show less than 15% deviation for all the cases, with E 22 prediction being the most sensitive to the sampling location. Thus, biases occurring due to smaller sample sizes are not large, but they can introduce variations similar in magnitude to the differences typically observed between predicted and measured elastic moduli in these materials. Table 4 compares these with stiffness values calculated using FOD measurements biased due to bad surface preparation and imaging practices. The corresponding averaged orientation tensor components for each case are provided in Table 5 . Polishing errors were induced by deviating from the protocol given in Table 1 . The sample was instead manually polished to induce some fiber pullout and edge breakages similar to those shown in Figure 3 . Focusing and stitching errors were induced during the imaging of the well-polished sample by intentionally defocusing the image in some regions and improperly stitching individual images. The effect of image magnification is studied by comparing the stiffness predictions from FOD measurements performed using images captured at 5 Â (&5 pixels/fiber diameter) and 10 Â (&11 pixels/fiber diameter) magnifications with the baseline predictions using an image captured at 20 Â (&21 pixels/fiber diameter). Significant deviations are seen in all predicted stiffness values. Biases due to polishing and the use of 5Â magnification cause greater than 25% deviation, while focusing and stitching errors cause deviations greater than 20%. G 12 shows the least sensitivity to any measurement bias while the use of 10 Â magnification causes the least deviations in the predicted stiffness values. Thus, fiber edge damage caused during surface preparation, and image resolutions insufficient for accurately capturing fiber boundaries can significantly skew the predicted elastic stiffness. A high proportion of fibers in the polished samples are clumped together and are incorrectly identified as single fibers by the image processing software. Insufficient segmentation of such touching fibers can bias the measured FOD due to ellipses fit incorrectly around such fibers. The effect of segmentation bias on the predicted stiffness values is compared in Table 6 . The corresponding averaged orientation tensor components for each case are provided in Table 7 . Stiffness values for the unsegmented image were calculated from FOD measurements performed using the thresholded binary image without separating fibers touching each other. FOD measurements are also performed using an image segmented using the marker-based watershed segmentation routine. The watershed segmentation results in some amount of over-and under-segmentation which bias the measured FOD. The biased stiffness predictions are compared with the baseline predictions obtained using FOD measurements performed on an image segmented using the watershed algorithm and then manually corrected using a bitmap editor. As expected, stiffness values calculated using unsegmented images differ considerably from those calculated using segmented images. However, images segmented using only the watershed algorithm provide closer predictions to the baseline for all stiffness parameters except E 11 . As shown in Figure 6 , though the watershed algorithm is very efficient at segmenting ellipses with smaller major to minor axis ratios, it is considerably less efficient at segmenting longer ellipses. Thus, fibers aligned along the flow direction, i.e. along x 1 axis, suffer from considerable over-and under-segmentation errors which subsequently lead to under-predicted E 11 values. Thus, further improvements in the watershed algorithm to reduce such segmentation errors will help improve the measurement accuracy and reduce the need for manual corrections to segmented images.
Conclusions
FOD measurements are necessary for the characterization of injection-molded thermoplastics. Though the use of high-resolution imaging applied in conjunction with stereological principles provides a convenient measurement method, the calculated orientation tensor can be biased due to improper surface preparation and image processing techniques. A detailed description of the measurement process was provided with a focus on avoiding such biases. A novel image processing routine, utilizing a marker-based watershed segmentation scheme to overcome the issue of touching fibers, has been provided. By using the Mori-Tanaka formulation of the Eshelby problem, the effect of various biases on the predicted elastic stiffness of the injection-molded composite was quantified. We find that improper surface preparation and imaging at insufficient resolution can significantly skew the predicted elastic stiffness. Further, though the watershed transform successfully segments fibers in the core layer, manually correcting the over-and under-segmentation errors is critical for accurate prediction of all stiffness components. 
